Spikes of different kinds, distinct in size and appearance were detected on the surfaces of herpes simplex virions by electron microscopy of negatively stained preparations. Use of monoclonal antibodies coupled to colloidal gold permitted identification of viral glycoproteins present in different structures projecting from the virion envelope. Antibodies specific for the glycoprotein designated gB bound to the most prominent spikes, which were about 14 nm long and, in side view, had a flattened T-shaped top. Antibodies specific for gC bound to structures that, in some instances, appeared to extend as much as 24 nm from the surface of the envelope and were too thin to resolve. Antibodies specific for gD bound to structures that extended as much as 8 to 10 nm from the surface of the envelope. The gB spikes were invariably clustered, usually in protrusions of the envelope varying from small bulbous distentions to long tail-like projections. The gC components were randomly distributed and widely spaced and the gD components were irregularly clustered in patterns distinct from those of the gB spikes. These three glycoproteins therefore form structures that are different in size, morphology and distribution in the envelope.
INTRODUCTION
The envelope of herpes simplex virus (HSV) contains several glycoproteins. The glycoprotein designated gB is essential for virion infectivity and is required, at least in part, for the penetration of attached virus into a cell (Sarmiento et al., 1979; Little et al., 1981) . Glycoproteins gD and gH are probably also essential for infectivity, on the basis of findings that potent neutralizing monoclonal antibodies may have specificity for gD or gH (Showalter et al., 1981 ; Buckmaster et al., 1984; Para et al., 1985) .
Two of the HSV glycoproteins (gC and gE) are not essential for virion infectivity, at least in cultured cells, because mutant viruses devoid of gC (Heine et al., 1974; Holland et al., 1984; Zezulak & Spear, 1984) or gE can be infectious. Activities associated with these glycoproteins include C3b-binding activity for gC (Friedman et al., 1984) and Fc-binding activity for gE (Baucke & Spear, 1979) . Another HSV glycoprotein, about which little is known, is designated gG (Roizman et al., 1984; Richman et al., 1986; Ackermann et al., 1986) . Membrane glycoproteins yet to be identified are predicted to be expressed from open reading frames detected by nucleotide sequence determination (McGeoch et al., 1985) .
The functions of these viral glycoproteins and their roles in virion infectivity and other processes cannot be adequately assessed without defining the organization of these proteins in virion envelopes and cell membranes. Interpretations of biochemical and genetic experiments depend critically on whether a functional unit is an oligomer composed of different polypeptide subunits, an oligomer composed of identical subunits or a monomer.
To date, no oligomers composed of different subunits have been detected in extracts prepared from purified virions. One of the glycoproteins (gB) is extractable from virions in the form of SDS-stable, heat-labile homodimers (Sarmiento & Spear, 1979 ). Recent results demonstrate that the gB dimers are not an artefact of solubilization and that dimers form within minutes of polypeptide synthesis even in the absence of glycosylation (Claesson-Welsh & Spear, 1986) . Spikes have previously been detected on the surfaces of HSV virions (Wildy et al., 1960) . Until now, no information as to the composition or heterogeneity of these spikes has been presented. Here we show that HSV virion envelopes have several different kinds of surface projections each of characteristic size, distribution and glycoprotein composition. Our approach was to combine high resolution electron microscopy of negatively stained virions with the use of monoclonal antibodies coupled to colloidal gold particles to identify structures containing particular HSV glycoproteins. As documented previously (Stannard et al., 1982; Martin & Palmer, 1983) , colloidal gold particles are highly suitable for use as markers in negatively stained preparations because of their high electron density and potentially small size. Recent developments (Slot & Geuze, 1985) have greatly simplified the procedures for producing homodisperse sols of small particle size which are essential for high resolution ultrastructural studies. Direct coupling of monoclonal antibodies to gold particles was chosen in preference to the indirect use of gold coupled to Protein A (Hopley & Doane, 1985) or anti-IgG (Kjeldsberg, 1985) . We found that direct coupling provided specific reagents that bound efficiently and uniformly to single sites on morphologically identifiable structures.
In this study attention was focused on identifying the structures that contain gB, gC and gD because these glycoproteins seem to be present in virions in highest concentration (Spear, 1984) . We found that gB, gC and gD are each components of morphologically distinct structures.
METHODS

Cells and virus.
Human embryonic fibroblast (HEF) monolayer cultures were grown in minimal essential medium (MEM) supplemented with 10% foetal bovine serum (FBS). HSV-I(HFEM)syn, isolated as previously described (Baucke & Spear, 1979) , was prepared in HEF cells. To produce virus for experiments, cells in 75 cm 2 flasks were rinsed with serum-free medium and then inoculated with 2 ml of virus at 108 p.f.u/ml. After adsorption at 36 °C for 1 h, 25 to 30 ml of serum-free medium was added. Within 2 to 3 days at 37 °C, when cytopathic effect was almost 100%, the culture fluids were removed and clarified by centrifugation at 2000 r.p.m, for 10 min. The supernatant culture fluids containing virus were either used immediately or after storage at 4 °C for up to 1 month.
Preparation of colloidal goM. Homodisperse colloidal gold particles with diameters ranging from about 3 to 10 nm were prepared according to the methods of Slot & Gueze (1985) . This involved the reduction of chloroauric acid with a mixture of sodium citrate and tannic acid. Different sizes of gold particle were obtained by varying the amount of tannic acid in the reduction mixture. The colloidal gold was stored in the dark at 4 °C in sterile plastic tubes until used for coupling to specific antibodies.
Preparation of purified monoclonal antibodies. Monoclonal antibodies specific for gB (I-59-2 and II-105-2), gC (II-529-3) and gD (I-99-1) were isolated and characterized as previously described (Para et al., 1985) . Immunoglobulin was purified from mouse ascites fluids by affinity chromatography on Sepharose CL-4B-Protein A (Pharmacia). Bound IgG was eluted from the column with 0.1 i-glycine pH 3.0 and dialysed sequentially against 0-01 Mphosphate buffer pH 7.4 containing 0-5 M-NaCI, 0'01 M-phosphate buffer pH 7.4 containing 0.1 M-NaCI, and fnally against 0.01 M-phosphate buffer pH 7-4. Antibodies were lyophilized and dissolved in distilled H20 at a concentration of 1.0 mg/ml for coupling to colloidal gold. Protein concentration was determined using the Bio-Rad assay kit with IgG as a standard.
Preparation ofcolloidalgoM labelled antibodies. Immunoglobulin or Protein A of Staphylococcus aureus (Sigma) at a concentration of approximately 1.0 mg/ml was dialysed against 0.2 mM-borax buffer pH 9-0. Just prior to coupling, the colloidal gold suspension was adjusted to an appropriate pH with 0.2 M-K2CO 3 or 0.02 M-H3PO4, using indicator papers to monitor the pH. A pH of between 7.2 and 7.4 was found to be suitable for coupling to monoclonal antibodies and, for Protein A, pH 5.5 was used. Ten volumes of gold suspension per volume of protein were mixed rapidly by vortexing and allowed to stand at room temperature (20 °C) for 2 min. The mixture was made 1% with respect to bovine serum albumin (BSA) by addition of a microfiltered, 10% solution of BSA prepared in distilled H20 and adjusted to pH 9.0 with NaOH. The gold-antibody complexes were concentrated by centrifugation under conditions dependent upon the size of the gold particles [ranging from 15 000 r.p.m. (27 000 
Glycoproteins Jorming HSV spikes 717
Preparation of labelled or unlabelled virus for electron microscopy. Virus particles were concentrated from culture fluids by centrifugation at 20000 r.p.m. (48000g) for 90 min in a Beckman SW50.1 rotor. Virus pellets were resuspended in phosphate buffer pH 7.2 (PB). For each sample, virus particles from approximately 1 ml of culture fluid were resuspended in 300 ~1 of PB. About 20 to 30 ~tl of the selected colloidal gold probe was added, mixed well and left at room temperature (approx. 20 °C) overnight. In the case of unlabelled virus, PB was used in place of the gold probe. The volume of each sample was increased to 5.0 ml with PB and virus particles were centrifuged to a pellet at 15000 r.p.m. (27000 g) for 20 min in a Beckman SW50.1 rotor. Pellets were negatively stained with 1 phosphotungstic acid pH 6.2, placed on carbon-coated formvar grids and examined in a Hitachi-600 electron microscope.
RESULTS
Negative staining and electron microscopy of unlabelled HSV
Virus particles recovered from serum-free culture fluids of cells infected with HSV-1 were shown by electron microscopy to possess the well known morphology of herpesviruses. Ruptured envelopes allowed clear visualization of the enclosed nucleocapsid. Careful examination of particles on which the envelopes had only partially collapsed, thereby preventing excessive penetration by the negative stain, revealed structural variation in the spikes which projected from the virion envelope. The most prominent spikes were approximately 14 nm long, rigid in appearance and, in most instances, were grouped together in homogeneous clusters. The distal ends of these sturdy spikes often had the appearance of a horizontal bar, approximately 5 nm wide, at right angles to the shaft of the spike which, in turn, displayed regular periodicity ( Fig. 1  and 2 ).
In contrast, other envelope projections were less distinctive and appeared shorter, forming a heterogeneous fringe in which no obvious clustering of identical structures could be seen ( Fig. 1  and 2 ).
Virion envelopes were not always near-circular in outline. Frequently they displayed protrusions which varied in size from small bulbous distentions (Fig. 1) to long tail-like appendages (Fig. 2) . It was striking that these envelope protrusions were almost invariably crowned with clusters of the longer T-shaped spikes.
In an attempt to identify antigenic components of the envelope, immune electron microscopy experiments were performed using as probes monoclonal antibodies coupled to colloidal gold, For an ultrastructural study of the projections on the virion envelope, it was important to minimize the possibility of adventitiously adsorbed antibodies or other proteins. For this reason, virions were produced in serum-free cultures. Control experiments were done to determine whether Protein A-gold probes could bind to HSV virions. No such binding was detected.
Immunogold labelling with anti-gB monoclonal antibodies
Two different monoclonal antibodies specific for gB (I-59-2 and II-105-2) were used with identical results. Colloidal gold particles tagged with either monoclonal antibody attached specifically to the extreme distal end of the long, sturdy spikes. The immunogold labelling visually enhanced the clusters of these morphologically identical projections and verified their presence on many of the envelope protrusions (Fig. 3 to 8) . Whereas some virions were heavily labelled with anti-gB probes, others showed only sparse areas of specific labelling. Because of their size, large gold particles (10 to 12 nm) could not attach to each of the closely adjacent spikes, and therefore, the degree of labelling was relatively incomplete. Nevertheless, these large probes provided a striking graphic impression of the linearity of the gB spikes (Fig. 3) . Probes prepared with gold particles of smaller diameter allowed more complete labelling ( Fig. 4 to 8) . By using gold particles less than 3 nm in diameter (Fig. 8) , it was possible to gain a more accurate impression of the compact grouping in multiple rows of the gB components. Fig. 8 (arrow) shows what appears to be two colloidal gold particles attached to the distal end of a single spike.
Immunogold labelling with anti-gB probes also highlighted the presence of numerous roughly spherical, membranous structures, up to 150 nm in diameter. These were completely surrounded by gold particles attached to long rigid projections, giving the appearance of rosettes of colloidal gold. Labelled spikes on these vesicle membranes were indistinguishable from those on the virion envelopes (see below). Fig. 1 and 2 . Envelopes of negatively stained HSV-1 virions display clusters of prominent, rigid spikes, mostly evident on envelope protrusions (arrows). These spikes are uniform in length (about 14 nm), Tshaped in side view and appear to have striations along their shafts. A morphologically distinct fringe of shorter spikes or projections is also evident. Fig. 3 and 4 . The prominent 14 nm spikes were specifically labelled with anti-gB probes prepared with colloidal gold of approximately 10 nm (Fig. 3 ) and 8 nm (Fig. 4 ) in diameter. Bar represents 100 nm for Fig. 1 Glycoproteins Jbrming HSV spikes 719 As mentioned above, the length of the unlabelled gB spikes was estimated to be about 14 nm. On labelled gB spikes, the distance from the surface of the envelope to the gold particle was estimated to be 20 nm, indicating that the antibody coating on the gold particles may be as much as 6 nm thick.
Immunogold labelling with anti-gC and anti-gD monoclonal antibodies
Incubation of HSV-1 with anti-gC and anti-gD gold probes provided evidence for a distinctly different distribution of these glycoproteins. In contrast to gB, gC probes bound to components that were widely spaced and randomly distributed over areas of the envelope that were devoid of gB spikes (Fig. 9 and 10) . Although individual gC projections could not be resolved with clarity, the pattern of attachment of anti-gC-tagged gold particles suggested that the gC components are very long and siender. Measured distances from the surface of the virion envelope to the specifically attached gold particles were often as long as 30 nm, indicating that some gC projections may be as long as 24 nm.
The anti-gD gold probes attached to envelope projections which were morphologically distinct from those labelled with either anti-gB or anti-gC (Fig. 11 to 13 ). The gD glycoprotein was identified on structures that were smaller and less distinct than those of gB and probably thicker and shorter than those of gC. Because measured distances from the surface of the virion envelope to the attached gold particles were as much as 14 to 16 nm, the gD spikes may be relatively short (about 8 to 10 rim). Specific gD probes attached either singly or in irregular groups on the virion surface. These groups ofgD were often seen in close proximity to the base of envelope protrusions containing the tightly clustered spikes identified with gB ( Fig. 11) and often in the midst of tangled fringes of short projections.
Immunogold labelling with mixtures of probes
By using gold particles of different sizes, each coupled to a different antibody, it was possible to examine the binding and distribution of two different probes simultaneously on the same virion. All possible combinations of gold probes capable of recognizing two of the three glycoproteins were tested. In no instance did probes of different specificity bind to the same structure nor was there any indication that binding of one probe was influenced by binding of another of different specificity. The results obtained were indistinguishable from those described above and therefore are not shown.
There was considerable variation among virions with respect to the apparent size and shape of the envelope. The degree of labelling with each glycoprotein probe was also not a constant feature, perhaps in part because some available antigenic sites were not occupied by probe. There seemed to be no set ratio of one glycoprotein to another and no set pattern in the distribution of each glycoprotein, except for gB.
Close packing of gB spikes on envelope protrusions and vesicles
A constantly observed feature was the arrangement of the prominent spikes identified as having gB determinants on their distal ends. These morphologically distinctive gB spikes could easily be recognized, even in the absence of specific gold labelling. They were often very closely packed, in which case their T shape, seen in side view, appeared as a fringe with a smooth outline. Tails and bleb-like protrusions were frequently capped with clusters of gB spikes ( Fig.  14 and 15) suggesting the possibility that the clusters of gB might play a role in the initial formation of the envelope extrusions.
At times it was possible to visualize the gB clusters end-on on the upper surfaces of the virions (Fig. 5 ) where they were seen as closely packed, regular lattice-like arrays. These end-on views were particularly evident on the surfaces of vesicular structures, 50 to 150 nm in diameter, which contained a high concentration ofgB spikes ( Fig. 16 and 17) . In such views, individual gB heads were about 8 nm apart (centre to centre), had an average diameter of approximately 5 nm and a shape suggestive of an arrowhead.
Strong immunogold labelling of the membranous vesicles could be obtained only with anti-gB probes (Fig. 18) confirming that gB was the predominant glycoprotein in the vesicular structures. L. M. STANNARD, A. O. FULLER AND P. G. SPEAR Fig. 5 to 8 . Varying patterns of labelling with anti-gB-gold probes of 8 nm (Fig. 5 and 6 ) and approximately 3 nm ( Fig. 7 and 8) . Some unlabelled gB spikes can be seen end-on (Fig. 5, arrow) . Fig. 8 shows how smaller gold probes allow labelling of multiple rows of closely packed spikes over the curved edge of the envelope, and the arrow shows two gold particles attached to the distal end of a single spike. Envelope pleomorphism is evident in virions penetrated by the negative stain ( Fig. 6 and 7) as well as in unruptured virions (Fig. 5 and 8) . Bar marker represents 100 nm for Fig. 5 Glycoproteins forming HS V spikes 721 Fig. 9 and 10. Anti-gC probes (4 nm) attached to components that are widely spaced and randomly distributed. The pattern of attachment suggests the presence of long slender projections that are difficult to resolve. Fig. 11 to 13 . Anti-gD probes (approximately 6 nm) attached to shorter projections within a matrix of fibres that lack morphological definition. Distribution of gD varies from one virion to another. All arrows indicate groups of unlabelled spikes resembling gB (for comparison see Fig. 1 to 4) . Bar marker represents 100 nm for Fig. 9 (Fig. 15) . Fig. 16 . Isolated vesicles are rich in spikes resembling gB. End-on views of the spikes suggest an arrowhead shape and regular packing. The spikes are not labelled by an anti-gD probe (centre). Fig. 17 . A single gB-rich vesicle at greater magnification. Bar marker represents 100 nm. Fig. 18 . An anti-gB probe labels spikes on the virion envelope and on the free-lying vesicle. Bar marker represents 100nm for Fig. 14 to 16 Although some of the apparent heterogeneity in shape and composition of the virion envelopes may in part be due to the collapse of the virions, which was necessary for clear visualization of envelope projections, it should be noted that the various kinds of spikes and structures described here were present on the envelopes of intact virions (Fig. 14) as well as ruptured ones (Fig. 15 ) and were evident in freshly prepared as well as stored samples of cultured virus particles.
DISCUSSION
An important conclusion of this study is that three of the major glycoproteins of HSV (gB, gC and gD) are present in virions in three distinct structures projecting from the virion envelope. This is consistent with analyses of the extracted glycoproteins, which have so far failed to reveal stable associations between or among these species. The images presented here were necessarily obtained under conditions deleterious to infectivity so that particular structural features cannot be correlated with infectivity. Nevertheless, it seems likely that gB, gC and gD might also form distinct projections in infectious virions and, therefore, might function somewhat independently of each other.
Certain structural features of the gB-containing spikes are clearly evident from the micrographs presented. Some end-on images of the gB spikes suggest that the top, as viewed from above, resembles an arrowhead. In side view, the spikes are about 14 nm long and have a flattened T-shaped top. In some pictures the shaft of the spike appears to have periodic striations. When the information regarding the regular arrangement and close association of the T-shaped gB spikes is taken into account, much of the exaggerated horizontal striation effect seen in side views or fringes of unlabelled gB spikes may be accounted for. The apparent repetitive ultrastructure may, to a large extent, be attributed to the superposition of slightly offset identical structures, particularly when arranged over a curve such as would occur on the edge of a flattened membranous envelope. Nevertheless, rare views of apparently isolated gB spikes do suggest that individual spikes have indeed a real, finely spaced periodicity. Final confirmation of this observation must ultimately depend on high resolution electron microscopy of purified preparations of isolated glycoprotein and on X-ray crystallography.
Analyses of extracted gB indicate that it is a homodimer in solution (Sarmiento & Spear, 1979; Claesson-Welsh & Spear, 1986) . Assuming that the spikes observed are dimers of gB and contain no other polypeptides, they are similar to the haemagglutinin and neuraminidase spikes of influenza virus with respect to molecular weight and length. Based on amino acid sequence (Bzik et al., 1984; Pellet 1985b) and estimated carbohydrate content (Claesson-Welsh & Spear, 1987) , the molecular weight of gB dimers would be 220000 to 240000 and the estimated length of the spikes is about 14 nm. The molecular weight of trimeric haemagglutinin spikes is about 225000 and the length is 13.5 nm (Wilson et al., 1981) . The molecular weight of tetrameric neuraminidase spikes is 240 000 and the length approximately 14 nm (Laver & Valentine, 1969; Varghese et al., 1983) .
The various counterparts of gB encoded by different herpesviruses appear to be more highly conserved than other herpesvirus glycoproteins. Glycoproteins antigenically related to HSV gB have been detected in a variety of animal herpesviruses (Norrild et al., 1978; Snowden et al., 1985) and in other biologically distinct human herpesviruses (Edson et al., 1985) . There are striking homologies between HSV-1 gB and a putative product of Epstein-Barr virus with respect to amino acid sequence and predicted secondary structure (Pellet et al., 1985 a) . It seems likely therefore that spikes similar to the HSV-1 gB spikes will be detected in the envelopes of other herpesviruses. Whether similar functions are associated with these spikes in different herpesviruses remains to be determined.
The structures that contain gC and gD are undoubtedly different, since binding of anti-gC and anti-gD to the same structure has not been seen in double-labelled samples and the patterns of distribution of the anti-gC and anti-gD probes invariably differed. The gC-containing structures must be very slender and long. They are not easily resolved in samples that permit visualization of the gB spikes. Based on maximal distances of the specifically bound gold markers from the lipid bilayer of the envelope (and taking into account the dimensions of the antibody coating on the gold), we can estimate that the gC fibres may be as much as 24 nm long. The gD-containing structures, on the other hand, are probably shorter and may account for some of the indistinct fringes seen on regions of the envelope in unlabelled samples.
There are apparently other structures or spikes in the HSV envelope which were not labelled by the antibodies used in this study. Because at least three other glycoproteins are known to be present in the envelope, antibodies specific for those glycoproteins may serve to identify some of the other structures.
It is noteworthy that the gB-containing spikes were invariably clustered in virion envelopes, whereas the structures containing gC and gD were randomly distributed. Moreover, clusters of gB were often found in protrusions of high curvature suggestive of a budding process, and many vesicles containing a high density of gB spikes were present in our samples. We have no explanations at present for these observations. The hypothesis should be tested that, under certain conditions, gB-rich protrusions can bud off from virions with a concomitant increase in the number of vesicles containing gB. Moreover, conditions that favour or prevent clustering of the gB spikes should be identified.
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